The electronic and geometrical structures of the ground and low-lying excited states of the diatomic AlX and AlX Ϫ series ͑XϭH, Li, Be, B, C, N, O, and F͒ are calculated by the coupled-cluster method with all singles and doubles and noniterative inclusion of triples using a large atomic natural orbital basis. 
I. INTRODUCTION
It was found recently, 1 on the basis of experimental and most reliable theoretical data, that the ground states of the sp diatomic molecules exhibit a definite periodicity along the rows and columns of the diatomic ''periodic'' table 2 that resembles that of atoms obeying Hund's rule. It is not clear if a similar periodicity exists for diatomic anions, since experimental data and results of reliable calculations are scarce.
The attachment of an additional electron is a rather complicated process. For example, a neutral molecule in some excited state can attach an extra electron and form an anion state that is stable with respect to its parent state, although the ground-state molecule cannot attach an extra electron. AlF seems to offer such an example, as it does not attach an additional electron in its ground state 1 ⌺ ϩ , but can attach an extra electron in its excited 3 ⌸ state and form a 4 ⌺ Ϫ anionic state 3 metastable with respect to the neutral 1 ⌺ ϩ state. Another example is the He 2 Ϫ ( 4 ⌸ g ) anion, which is stable with respect to its neutral parent He 2 ( 3 ⌺ u ) excited state, 4 whereas the ground 1 ⌺ ϩ state of He 2 is extremely weakly bound ͓only by 1 mK ͑Ref. 5͔͒ and cannot attach an extra electron. On the other hand, some anions can have several excited states that are stable toward autodetachment of an extra electron or, in other words, whose total energies are below the total energy of the neutral parent ground state. For example, AlP Ϫ has been computed to have up to seven states below the ground state of AlP. 6 The neutral AlX species ͑Xϭfrom H to F͒ have been the subject of many theoretical investigations 1 performed at different levels and with various basis sets. The most popular molecule appears to be AlH, which serves as a benchmark system. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The open-shell species from AlLi to AlO have received somewhat less attention, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] while the closed-shell molecule AlF has been the subject of numerous studies. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Some first-order properties have been calculated for AlH, 7, 12, 13, 20, 21 AlC, 28 AlO, 32 and AlF. 41, 45, 49 The adiabatic electron affinities (A ad s) have been estimated for AlH, [22] [23] [24] AlLi, 25 AlBe, 26 and AlO. 38 The only experimental value, to the best of our knowledge, is available for the A ad of AlO. 55, 56 The dissociation energies have been calculated for AlH Ϫ , 7 AlLi Ϫ , 25 AlBe Ϫ , 26 and AlO Ϫ , 38 as well as for an excited state of AlF Ϫ . 3 No experimental data have been reported on the structure of the AlX Ϫ anions. The aim of the present work is to consider the ground and lowest excited states of neutral and negatively charged diatomic species formed by Al and second-row atoms at the same level of theory: the infinite-order coupled-cluster method with all singles and doubles and noniterative inclusion of triple excitations ͓CCSD͑T͔͒ using a large atomic natural orbital basis. In the following, we assign the symmetry of the anionic ground states, define the adiabatic electron affinities of AlX, evaluate dissociation energies of the neutral and anionic ground states, and determine first-order properties for the ground-state AlX molecules.
II. COMPUTATIONAL DETAILS
Our calculations have been performed with the ACES II suite of programs 58 at the CCSD͑T͒ 59 level for diatomic species and the CCSDT ͑with the iterative inclusion of triple excitations 60 ͒ level for atoms. A large atomic natural orbital basis of Widmark-Malmqvist-Roos ͑WMR͒ 61 consisting of ͓8s4 p3d/6s4p3d͔ for H, ͓14s9 p4d3 f /7s6 p4d3 f ͔ for Li, ͓14s9 p4d3 f /7s7 p4d3 f ͔ for Be to F, and ͓17s12p5d4 f /7s7 p5d4 f ͔ for Al is employed.
The A ad of a molecule can be defined as the difference in the total energies of an anion state and the supporting state of the neutral parent. Within the Born-Oppenheimer approximation, one may define the A ad as
where R e and R e Ϫ denote the equilibrium geometrical configurations of the neutral molecule and the anion, respectively. The zero-point vibrational energies ͑Z͒ are estimated within the harmonic approximation. Dissociation energies are evaluated as
First-order properties can be computed as expectation values of corresponding operators or via perturbation theory. [62] [63] [64] These two approaches are equivalent in the case of exact wave functions. In ACES II, first-order properties are evaluated analytically using the energy-derivative formalism, 62, 65 which introduces the ''response'' and ''relaxed'' density matrices of coupled-cluster ͑CC͒ theory.
III. RESULTS AND DISCUSSIONS

A. Structure of anions
The ground states of AlH, AlC, AlN, AlO, and AlF have been determined experimentally, 50, 51 whereas the ground states of AlLi, AlBe, and AlB have been obtained from the results of nonempirical calculations. 1 A compilation of the results of our calculations and those of others, together with experimental data, is displayed in Table I . As is seen, the CCSD͑T͒/WMR level allows a rather accurate description of experimental spectroscopic constants.
Theoretical assignment of the AlX ground states coincides with the experimental data for all the molecules except for AlN, for which the X 3 ⌸ -A 3 ⌺ Ϫ splitting was found to be positive ͑371 cm Ϫ1 ͒ in multireference configuration interaction ͑MRCI͒ calculations with a 6s5 p2d1 f basis. 30 Our CCSD͑T͒/WMR result decreases the separation to 20 cm Ϫ1 , and quadruple excitations or higher-l basis functions would seem to be important to reverse the splitting and obtain the experimentally derived ground state X 3 ⌸. It has been pointed out by many authors [67] [68] [69] [70] [71] that diatomic molecules favor high-spin ground-state configurations as do atomic anions. 71 As is seen from Table II , the ground states of the AlX Ϫ anions follow the same trend as their neutral parents, and the ground states of the anions are the same as those of their isoelectronic neutral species.
Low-lying excited states of the AlX species have been computed at different levels of theory ͑see references in Table I͒ , and their spectroscopic constants obtained at the CCSD͑T͒/WMR level are presented in Table I , together with the data of other correlated computations. Leading electronic configurations of anionic states have been tested by adding an extra electron to the leading configurations of the corresponding neutral excited states. An anion state is considered to exist if its total energy is below the total energy of the parent state. Table I contains the results of our search for bound anionic states and also presents several unbound states for those cases where we have not succeeded in finding a bound state ͑see, e.g., AlN Ϫ ͒.
B. Adiabatic electron affinity
To assess the accuracy to be anticipated for the CCSD͑T͒/WMR level, we have calculated the electron affinities ͑EAs͒ of atoms entering the AlX species, since these EAs have been measured with high accuracy. Comparison of our values with the experimental data 73, 74 made in the uppermost panel of Table II shows that the largest discrepancy of 0.1 eV is observed for the EA of the oxygen atom, where higher excitations 75 or higher angular momenta basis functions 76 appear to be important. 75 Note that the CCSD͑T͒ and CCSDT levels provide rather similar values.
The Be and N atoms are known to have no affinity to the extra electron attachment, and consequently their computed EAs are negative. Their relatively large absolute magnitudes can be traced to a rather confined character of the WMR basis, which precludes simulating autodetachment of an extra electron via coupling to the continuum. 77, 78 On the basis of our estimates of the atomic EAs and our previous calculations on the A ad of NH, 75 one could anticipate the accuracy in estimating the AlX A ad s to be within ϳ0.1 eV.
The A ad s are computed according to Eq. ͑1͒. However, the Z corrections were found not to exceed 0.01 eV and are unnecessary. As follows from the middle panel of Table II , all the ground-state AlX species, except for AlF, are able to attach an extra electron. Remarkably, all the ground-state anions except for AlH Ϫ and AlF Ϫ are stable toward autodetachment, even at the Hartree-Fock ͑HF͒ level ͑contrary to the atomic case, where only C Ϫ and F Ϫ are stable at the HF level͒. The AlF Ϫ ( 2 ⌸) anion is found to be unstable toward autodetachment at the CCSD͑T͒/WMR level, which is in agreement with a previous result 3 obtained from MBPT͑4͒/6-31ϩG(d) calculations. Our computed A ad s of AlH, AlLi, and AlBe are in good accord with the results of other high-quality calculations. [22] [23] [24] [25] 27 A relatively large discrepancy between our value of the A ad of AlO and that obtained by Peterson and Woods 38 appears to be due to the way they estimate the A ad . They have obtained an overestimated dissociation energy of AlO Ϫ by Ϸ0.5 eV and used this energy in the relation A ad ͑AlO)ϭD 0 (AlO Ϫ )ϩA(O) ϪD 0 (AlO), where the experimental values have been substituted for A(O) and D 0 (AlO). Our computed value of 2.65 eV for the A ad of AlO is in excellent agreement with the recently measured experimental value of 2.6 eV. 55, 56 Similar to the atomic case, the A ad behavior is not monotonic when moving from AlH to AlF. The A ad increases first, then drops down at AlC, then increases again and drops down at AlF. AlC can be considered an analog to the N or P atoms, because all of them have three p-type valence electrons, and AlF can be considered an analog to the noble gas Ne or Ar atoms, because of having six p-type valence electrons. AlBe Ϫ , AlB Ϫ , AlC Ϫ , AlN Ϫ , and AlO Ϫ are found to have excited states whose total energies are below those of their ground-state parents. The AlBe Ϫ anion also possesses a second excited state, which is stable with respect to the decay to the AlBe ͑ground state͒ϩe decay. The bottom panel of Table II presents the A ad s computed for the lowest excited states of AlX. As is seen, all the excited AlX species except for AlN can attach an extra electron and form metastable anionic states that should be relatively long lived because their decay to lower neutral states is prohibited by symmetry. It can be expected that some higher excited neutral states are also capable of attaching an extra electron and forming higher metastable anionic states whose decay to lower neutral excited and ground states is prohibited by symmetry. AlF is unstable toward the attachment of an extra electron by 0.17 eV at the CCSD͑T͒/WMR level.
C. Dissociation energies
Experimental dissociation energies available for AlH and AlF are in good accord with our values ͑see Ϫ , whose dissociation energy of about 150 kcal/mol is higher than dissociation energies of many neutral compounds, including all the neutral AlX species except for AlF, which actually is isoelectronic to AlO Ϫ . Table IV presents the results of our calculations of some first-order properties ͑electric dipole, quadrupole, and octopole moments͒ for the ground-state AlX species and compares them to the results of other computations. The HF values are obtained at the geometries optimized at the CCSD͑T͒/WMR level and presented in Table IV to assess the influence of the electron correlation on the first-order properties of AlX. The most significant change, when going from the HF values to the CCSD͑T͒ ones, are observed for AlO, whose CCSD͑T͒ dipole moment is almost twice as large as its HF, dipole moment.
D. First-order properties
For the closed-shell molecules AlH and AlF, different methods provide dipole moments that are rather close to our HF or CCSD͑T͒ values; that is, the computed dipole moments of these molecules are insensitive to the level of calculations. The only known experimental first-order property for the AlX species is the dipole moment of AlF, and our computed CCSD͑T͒ value of 1.486 D compares well with the experimental value of 1.5Ϯ0.1 D. 80 AlLi, AlN, and AlO possess rather large dipole moments that should be sufficient to sustain dipole-bound states of AlLi Ϫ , AlN Ϫ , and AlO Ϫ upon detachment of an extra low-energy electron, since dipole moments of Ϸ2.5 D are required 81, 82 for formation of such states.
We have also calculated electric quadrupole (⍜ ␣␤ ) and octopole (⍜ ␣␤␥ ) moments of the AlX series. For linear molecules, both tensors are diagonal and related by ⌺ ␣ ⍜ ␣␣ ϭ0 and ⌺ ␣ ⍜ ␣␣␣ ϭ0. In addition, relations ⍜ xx ϭ⍜ yy ϭϪ2⍜ zz and ⍜ xxz ϭ⍜ yyz ϭϪ2⍜ zzz are fulfilled for ⌺ states. 83 The ⌸ states of AlBe and AlN have different components. Table IV presents our values computed at both HF and CCSD͑T͒ levels. The only theoretical estimate previously obtained for ⍜ zz of AlH is Ϫ5.203 a.u. at the complete active space selfconsistent field ͑CASSCF͒ level 13 and is in good accord with our CCSD͑T͒ value of Ϫ5.778 a.u.
IV. CONCLUSIONS
The results of our CCSD͑T͒/WMR calculations on the structure of ground and excited states of AlH, AlLi, AlBe, AlB, AlC, AlN, AlO, AlF and their anions suggest the following:
͑i͒
The ground states of the AlX Ϫ anions are the same as the ground states of their isoelectronic AlX species. This allows one to conclude that the periodicity along the rows and columns of the ground states in the sp anions is similar to that of neutral diatomic sp molecules. The dipole moments of AlLi, AlN, and AlO are sufficiently large ͑Ͼ2.5 D͒ that they should possess dipole-bound anion states.
